We have studied the structural, electronic and magnetic properties of spinel 
Another field of cobalt spinel application is related to the interface between p-type Co 3 O 4 and n-type ZnO, which forms p-n heterojunction. In particular, p-Co 3 O 4 /n-ZnO composites can provide higher sensitivities and faster responses toward gas sensoring application. 21, [44] [45] [46] [47] Such composites are typically obtained using a mixture of ZnO and Co 3 O 4 powders and following annealing, that forms inhomogeneous interface between both semiconductors. However, the presence of this interface also plays a significant role in the magnetic properties of such composites. Indeed, there is an evidence of the magnetism appearance in ZnO/Co 3 O 4 powder mixture at room temperature even without thermal treatment. 48, 49 53 but no attention has been paid to its magnetic properties. Despite of extensive investigation of the cobalt oxides, mentioned above, still there is no clear picture of the role of the cobalt oxide surfaces and interfaces on the magnetic properties.
Considering the lack of microscopic understanding of the surface and interface magnetism, the present study is aimed to establish the nature of ferromagnetism at the Co 3 O 4 /ZnO interface toward an application in the new device types for spintronics. We have investigated from first principles modifications of the atomic structure at various types of the Co 3 O 4 /ZnO boundaries, related changes in the electronic band structure and their contribution to the appearance of the interface magnetic properties. The paper is organized as following. We present in Section 2 the numerical formalism, which is used throughout the paper. Section 3 discusses the microscopic atomic structure of the Co 3 O 4 (111) surfaces and Co 3 O 4 /ZnO interfaces. The results of the calculated magnetic and electronic properties and their modifications due to the surfaces or interfaces, are discussed in Section 4. The conclusion is presented in Section 5.
II. NUMERICAL METHOD
We investigated the atomic and electronic structure of the Co 3 O 4 /ZnO interface within the density functional theory (DFT) and generalized gradient approximation (GGA), as implemented in the Quantum-Espresso software package. 54 We have used ultrasoft Perdew- (i) choosing the spinel bulk constant to determine the interface unit cell size, (ii) using ZnO bulk parameters to define the interface unit cell, and (iii) optimizing the lattice parameter for the interface to find the unit cell size that minimizes the total energy of the interface.
Following the experimental finding, we did not optimize the lattice parameter for the inter- Therefore, to study magnetic and electronic structures of an interface, we created two symmetric slabs, containing seven atomic layers of Co 3 O 4 , and ZnO layers, adjacent on both sides, as shown in Fig. 1 . The first slab (Fig. 1a) is composed of a spinel top layer containing Co 3+ ions at the B-sites only ("octahedral" interface), while the second slab (Fig. 1b) contains at the interface both Co 2+ (A-site) and one Co 3+ (B-site) ions ("tetrahedral" interface). In such a way, each slab contains two interface regions of the same symmetry (topology), so their total dipole moment is close to zero. The ZnO part of the slab is two lattice constants c ZnO thick on both sides and 12Å of vacuum layer have been added to separate the slabs in z direction. Additionally, we have studied the bulk spinel properties, using the 12 × 12 × 12 k -point grid, and its clean (111) surface within the same method.
We simulated the Co-terminated and O-terminated spinel (111) surfaces using the slabs, created for the interface model, but with ZnO layers removed and followed by subsequent relaxation over all coordinates.
IV. RESULTS AND DISCUSSION
We constructed the interface and surface models assuming that the secondary phase preserves bulk spinel crystal structure with the corresponding bulk constant. (corresponding to the case of normal spinel secondary phase and compressed ZnO at the interface), and "stretched" spinel using experimental ZnO bulk constant, which leads to a spinel = 9.191Å, using density-functional perturbation theory. 64 The PBE pseudopotentials were selected in norm-conserving form, the wave function expansion cutoff of 80 Ry and 4 × 4 × 4 k-point grid for Brillouin zone integration were adopted for this calculations.
The calculated and measured Raman frequencies are collected in Table I . It demonstrates that the calculated Raman spectra are very sensitive to the choice of the lattice constant.
Frequencies obtained in both LDA and GGA approximations for normal spinel are comparable with measured ones, while those calculated for "stretched" spinel are found to be significantly lower and are not observed experimentally. Moreover, XRD measurements of As mentioned in Sec.3, the unit cell of the spinel (111) plane in the slab construction is hexagonal, and therefore 4 unit cells of ZnO (also hexagonal) are needed to match one spinel unit cell. Consequently, the planar lattice constant of adjacent ZnO a ZnO = 2.88Å is scaled to the spinel lattice constant and cannot be optimized separately. However, the interplanar distances (in z direction) are optimized, for both the spinel and the wurtzite regions of the interface. Therefore, the calculated value of the interplanar spacing at the spinel region of the interface becomes d 111 = 2.387Å, which is about 2% larger than the experimental bulk interplanar distance, while the lattice constant, calculated for ZnO regions, c ZnO = 5.52Å, which is about 5% above the corresponding experimental bulk value of 5.27Å.
These relaxations absorb part of the stress due to the lattice mismatch between spinel and It has been discussed above that in the bulk spinel Co 3+ ions are non-magnetic due to the large splitting between t 2g and e g orbitals, caused by the presence of octahedral crystal field.
Since this symmetry is broken at the surface or interface, the electrons could occupy t 2g and e g orbitals in different order, leading to the changes in magnetic properties, as reported in [40, 50] . It is important to stress that similar symmetry changes are typical for other Co 3 O 4 interface orientations, therefore the results for the Co 3 O 4 (111) surface, considered here, should reflect general trends in the interface induced magnetism origin. To quantify these changes, we calculated and compared the magnetic moment of Co ions for different interface and surface systems using a Löwdin charge analysis. More accurate method to estimate the relation between the interface type and magnetic ordering is to calculate the formation energy. Such an approach, however, requires the knowledge of the chemical potentials of participating ions. To the best of our knowledge such problem has not been solved yet: the main challenge is to properly find these potentials for ions in different oxidation states.
It is worth to note, that the magnetic moments were calculated for the relaxed systems while keeping the C 3v symmetry intact. If this symmetry is broken (for instance, for differently oriented interfaces or when the initial deviations from equilibrium positions are different for symmetry equivalent atoms, or due to defects), the corresponding magnetic moments might differ slightly. Nevertheless, the general picture should remain the same:
Co 3+ ions are gaining the non-zero magnetic moments both at the surface and interface, in contrast to the bulk case. Therefore, the magnetic effects, discussed above, should also be present for differently oriented parts of the Co 3 O 4 inclusions.
As it is known, a presence of the dangling bonds leads to additional surface states, This demonstrates the metal-like electronic structure, in contrast to the bulk spinel, which appears semiconducting in the simulations even when larger smearing parameters in the Brillouin zone integration are used.
V. CONCLUSION
We investigated the origin of the surface/interface magnetism of the cobalt oxide Co 3 O 4 surfaces and their interfaces with zinc oxide ZnO. In particular, we studied the structural, electronic and magnetic properties using the model systems such as ZnO (0001) 
